Magnetic resonance imaging (MRI) techniques were used to gather basic data to apply in computational models of speech articulation. Two experiments were performed. In experiment 1, voice recordings from two male subjects were obtained simultaneously with axial, coronal, or midsagittal MR images of their vocal tracts while they produced the four point vowels. Area functions describing the individual tract shapes were obtained by measurements performed on the MR images. Digital filters derived from these functions were then used to resynthesize the vowel sounds which were compared, both perceptually and acoustically, with the subjects' original recordings. In experiment 2, axial images of the pharyngeal cavity were collected during the production of an ensemble of nine vowels. Plots of cross-sectional area versus the midsagittal width of the tract at different locations within the pharynx and for different vowel productions were used to derive a functional relationship between the two variables. Data from experiment 1 relating midsagittal width to cross-sectional area within the oral cavity were also examined.
(1964) based their transformation on assumptions about shapes and lateral dimensions. There have been a few tomegraphic studies of vocal tract shape using radiography. Fant At first glance, the x-ray CT method might appear to be the best available to collect the necessary data. It is certainly the case that, over a substantial proportion of the total length of the vocal tract, x-ray CT can, in principle, supply the kind of 3-D information that is needed about tract shape. However, it has been used to image cross sections of the vocal tract at only a few positions for only a few sounds. The reason for this tentative beginning lies in the two major drawbacks of x-ray CT. The first is that, given current knowledge of the damaging effects of even quite low x-ray dosages, the nonmedical use of x-rays on research subjects must be strictly limited. Consequently, it is not possible to obtain even one set of serial CT sections at intervals on the order of 5 mm along the vocal tract without exceeding by several times what many regard as an ethically acceptable risk. The second reason is the limited maneuverability of the subject with respect to the x-ray system. Conventional x-ray CT systems have only a transaxial imaging capability and a table that can be tilted through an angie of up to 45 deg with the subject securely attached. These systems are best suited to imaging the pharyngeal airway of a supine subject because there is only sufficient adjustment to obtain images in planes that are orthogonal to the pharyngeal axis. Repositioning the subject in an effort to maneuver the imaging plane around the bend in the vocal tract and into the upper tract (e.g., by tilting the head with respect to the body) fails because the change in head posture invariably induces significant changes in tract shape.
Alternative methods can be used for obtaining shape information, but all have limitations. Point-tracking methods, such as the x-ray microbeam (Fujimura et el., 1973) and magnetometers (e.g., Schonle et al., 1987) , can supply dynamic information about the movement of structures in the oral cavity, but they are designed to obtain measurements only in the midsagittal plane and they cannot supply detailed information about shape. Scanning ultrasound has been used to generate dynamic images of the tongue surface, either in the midsagittal or transverse planes Stone, 1990 ), but it has been useful over only a limited part of the tongue, since for imaging purposes ultrasound does not propagate across tissue boundaries with air and very weakly across boundaries with bone (Minifie et al., 1971 ). The transmission properties of ultrasound have confined its use to mapping portions of the anterior surfaces of the airway. And, lastly, a stereo fiberoptic endoscope can, in principle, supply quantitative information from the pharynx, but, at present, this instrument has not achieved its potential (Fujimura et el., 1979) . Magnetic resonance imaging, however, is free from many of the disadvantages associated with the methods we have mentioned, although it does have some drawbacks of its own. Among its advantages is the fact that MR technology produces tomegraphic images that appear similar to those produced by CT but without using ionizing radiation and in three orthogonal planes without tilting the table or repositioning the subject. While in a CT image the pixel values represent the x-ray transmittance of a given volume element of tissue, in an MR image the signal intensity depends on the density of hydrogen nuclei in a tissue element and their magnetic relaxation times T 1 and T2--variables that are determined by the atomic environment of the protons within each molecule. MR techniques involve the use of strong magnetic fields to align the magnetic moments of the hydrogen nuclei and the use of high radio-frequency impulses to set them into resonance. These techniques have no known harmful side effects. Furthermore, images can be obtained with acceptable resolution (about 100 pixels/cm 2) from slices that pass through any point of interest in the vocal tract.
One of the major disadvantages of the MR technique is the time required to perform the imaging process, a period ranging from several tens of seconds to several minutes using the most commonly available equipment and techniques. Therefore, if speech sounds are to be studied, they must be sustainable for the duration of the acquisition process and may, as a consequence, be subject to fatigue effects. (In contrast, CT and ultrasound images can be obtained in under 3 s although the signal/noise ratio of the latter is not as high as that in MR images.) Additional difficulties stem from the fact that calcified structures (bone and teeth) contain little mobile hydrogen and are indistinguishable from the airway in many images. Consequently, measurements of airway dimensions may incorrectly include space occupied by the teeth. A further drawback stems from the fact that the resolution of air-tissue boundaries can, in part, depend on the thickness of the tissue section that generates the MR signal and, to obtain images of sufficient quality for measurement purposes, that thickness can need to be 0.3-0.8 cm. (In comparison, the thickness of CT and ultrasound sections can be as low as 2 mm.) Thus there is a tendency for the imaging process to reduce 3-D information to two dimensions, although this tendency is offset to some degree by a slice profile (weighting function) that emphasizes the contribution of the MR signal received from the central plane of a slice relative to that received from its two outer faces. Furthermore, the fact that successive slices are usually spaced at intervals approximately equal to their thickness determines the frequency at which the cross-sectional areas are sampled along the tract and, ultimately, the degree to which area functions can specify articulators such as the tongue whose precise shape and place of constriction has been shown to be a sensitive determinant of formant frequency values (Lin, 1990) . Next, it must be pointed out that there is often a great deal of acoustic noise associated with the MR imaging process because magnetostrictive effects induced by the rapid switching of magnetic fields produces loud sound impulses that seriously interfere with attempts to record the subjects' productions. And, finally, it should be said that, unlike lateral x-ray and ultrasonic imaging techniques and like x-ray CT, MR requires that the speech sounds be produced by subjects who must lie in a position not commonly used for speaking. Therefore, there is a valid, and as yet unanswered, question whether prolonged periods of exposure to a posteriorly directed gravity vector does measurably affect the performance of the speech organs. However, notwithstanding all these caveats and limitations, and because MR imaging is a rapidly evolving field, there is reason to be optimistic that many of the most serious problems will eventually be overcome. Even now, MR appears to offer the best opportunity to obtain data on the vocal tract shapes associated with sustainable speech sounds such as vowels, laterals, and fricatives.
In early work on this study (Baer et al., 1987) , we selected two male subjects and collected two series of MR images representing the entire lengths of their vocal tracts as they produced the vowels/o/and/i/. In subsequent imaging work, reported here, we have expanded that repertoire to include the vowels/a•/and/u/, thus completing the set of point vowels, and have progressed further to obtain images of the pharyngeal region for a larger family of nine vowels. The MR images, up to 0.8 cm in thickness, were obtained in the midsagittal plane and the two orthogonal planes at intervals of 5 min. In this report, we begin with a description of the MR methods and what they can reveal about the vocal tract. We then proceed to two quantitative studies. In experiment 1, we use MRI data to derive vocal tract area functions.
The subjects' original vowel utterances are analyzed and their formant frequencies compared with those of waveforms synthesized on the basis of the measured area functions. In experiment 2, we study the relationship between midsagittal width and cross-sectional area at different points in the vocal tract.
I. METHODS

A. Image acquisition: Experiments 1 and 2
The data reported here were collected in two experiments performed over a period of 4 years using two different MR machines. Both experiments were performed on the same two male subjects, TB and PN, who weighed approximately 65-70 kg and were 183 and 175 cm in height, respectively. They were native speakers of English; TB's dialect came from Nassau County, New York, and PN's dialect retained features of Somerset county, in the southwest of England. Neither subject had received any formal voice or phonetic training.
EMR Machine (experiment 1)
The first experiment employed an experimental MR (EMR) machine--a whole body imaging system, developed at Yale University in collaboration with General Electric and based on a resistive magnet (Oxford Instruments) which generated a field strength of 0.15 T. This machine permitted the introduction of apparatus for head stabilization, sound recording, and reproduction. It was used to collect data representing the vocal tract configurations of two male subjects covering the full length of the tract from the larynx to the lips while they produced the four point vowels /a a• i u/.
Each subject lay in the supine position on a horizontal patient couch with his head inside a saddle-shaped radiofrequency (rf) coil for receiving the resonance signal (Baer et al., 1987) . Since it took about 3 to 4 h to collect all the images needed to specify a given vocal tract configuration, and it was necessary to complete the work in two or more sessions, a cephalostat was used to ensure that the subject's head could be returned to its original position. This device consisted of a custom-made head mold attached to a rigid base and, hinged from that base, a plastic locating wand which was designed to make contact with the subject's nose. This device provided sufficient tactile sensation at the nose to inform the subject of the need to minimize residual head movements. The base itself was attached to the couch by means of a positive tongue and slot mechanism, thus enabling the head to be restored to the same position at the beginning of each experimental session. In an attempt to retain the same vocal tract shape over long periods and reduce any tendency to vary vowel quality, the subjects were equipped with an ear insert and plastic tube through which they heard a canonical production of the target vowel. The source of the vowel was a prerecorded tape. Recordings were made of the subjects' vocal output with an electret microphone placed inside the magnet a few cm from the subjects' lips. A screened cable of length 4 m connected the microphone to a battery-powered amplifier which, in turn, was connected to a tape recorder located outside the electromagnetic shield enclosure. The sound recordings were later digitally analyzed both to gain evidence of any deviations from the vowel targets during image acquisition--deviations that might undermine the accuracy of the images--and to obtain the formant frequencies to be compared with the calculated frequencies of resonance using area functions derived by a digital analysis of the images. The subject's couch carried a scale graduated in cm and was designed to translate linearly under rack and pinion control along its major (z) axis into the bore of the magnet. A 9.5-cm displacement of the couch permitted a segment of a subject's vocal tract, from the superior margin of the verte-bral axis to the inferior margin of the sixth cervical vertebra, to be examined. This represented the region from the hard palate to the glottis, or the space immediately beneath, depending on larynx height. The procedure involved the acquisition of multiple parallel contiguous axial slices over the 9.5-cm range using a partial saturation spin-echo imaging sequence with a repetition time TR, of 200 ms and echo delay time TE of 11 ms to achieve optimum soft tissue contrast and good signal-to-noise ratio (Bradley et al., 1983) . This combination of sequence parameters gave the image a desirable T 1 weighting. Each image was acquired as 128 phase encoded projections and reconstructed by a two-dimensional Fourier transform to represent an 0.8-era-thick slice. Slices were spaced at 0.5-cm intervals. Each projection was the average of eight single echoes (four phase cycled pairs) that were each sampled 128 times. A total acquisition time of 3.4 rain was required for each 128 X 128-pixel image which was interpolated to 256 X 256 pixels for display. Contiguous coronal slices of the same thickness and displaced along the y axis were also obtained at intervals of 0.5 cm by offsetting the rf pulse frequency. These images nominally spanned the region of the vocal tract from the posterior wall of the pharynx to the lips. The subjects were instructed to produce each selected vowel in a sustained monotone for about 15 s between brief inspirations, and to continue doing so throughout the 3.4 rain required for image acquisition. Up to 19 axial images and 18 coronal images were required to specify the entire length of the vocal tract; thus the subjects repeated each point vowel over many image acquisition cycles. Not all of the axial and coronal images were equally clear. On several occasions the EMR machine produced poorly resolved images in the region anterior to the alveolar ridge and in the neighborhood of the glottis. These images were not wholely adequate for measurement purposes and may have been a source of error.
SlGNA machine (expetfment 2)
The second experiment was carried out on a General Electric SIGNA machine specifically designed and primarily used for diagnostic purposes. The competing demands on this machine placed limits on the experimenters' freedom to install equipment that would provide some normally desirable safeguards against experimental error and also limited the available experimental time. For example, circumstances did not permit the use ofa ccphalostat or sound recording and reproducing facilities and, in deference to time limitations, the majority of the image data selected for collection was confined to axial images of the pharyngeal cavity.
However, some of these disadvantages were offset to a considerable degree by the fact that the SIGNA machine employs a superconducting magnet that develops a higher flux density (1.5 T). This feature makes possible a higher imaging speed than that provided by the EMR system and did much to offset the need for rigorous head stabilization. A full set of images for a given vocal configuration could be obtained in less than 30 min. Axial images were obtained during productions of the four point vowels and five other intermediate vowels/I e 3 u A/. For one vowel/i/produced by both subjects, a complete set of coronal and midsagittal images was obtained in addition to the axial images; however, only the axial images of/i/were analyzed.
The supine position was again adopted for both subjects. Each subject placed his head in a padded universal cranial molding with a built-in rf coil serving both transmitting and receiving functions. To restore the head to a predetermined position, laser reference beams were employed to define the volume of tissue to be imaged, and a digitally controlled mo- tor conveyed the couch and subject the required distance into the bore of the magnet. The subjects employed the same vowel production technique used in the earlier study.
Multislice T l-weighted spin echo images were obtained using the two-dimensional Fourier transform method. Each image was acquired with TR = 800 ms, TE = 20 ms, using an image matrix of 256 X 256 over a field of view of 20 cm. Usually a single acquisition (NEX = 1 ) was used for each of the 256 phase encoded projections. At the higher field strength and consequently higher magnetic resonance frequency (64 MHz), the images with TR = 800 ms demonstrated similar contrast to the low field images at TR = 200 ms because T 1 is longer at higher frequencies. The longer TR also permitted the simultaneous acquisition of up to 17 parallel slices. In multislice mode, after each echo is acquired from one location, the rf pulse excitation frequency is incremented and selective pulses are transmitted to produce an echo from an adjacent location. This process is repeated rapidly and permits the acquisition of one projection from each of up to 17 separate slices in the interval TR but takes no longer than the time required to produce one image (3.4 min). However, the procedure also produces a continuous noise generated by magnetostrictive reaction to the gradient switching, which occurs at a frequency of about 50 Hz. This noise precluded the use of a microphone to record the subjects' vowel productions during image acquisition and would have made problematical the task of presenting canonical productions, had there been sufficient time available to attempt it. Therefore, to tell the subject which vowel to produce next, an experimenter would confirm instructions already conveyed over the intercom system by briefly entering the magnet room before image acquisition and repeating the vowel to ensure that it had been heard correctly. Figures 1-5 show examples of images generated by the SIGNA ma- With minor exceptions, the same methods of image acquisition and dimensional measurement were used in both experiments I and 2. In this section, we describe the procedures used to obtain the dimensional measurements. 
$oundary tracing
The vocal tract airway was identified in each 256 X 256 pixel image and the profile of the image density gradient was plotted along vertical and horizontal lines passing through its center. Then, using a trackball or graph pen, the contour defined by the 50% level of the density profile was traced by hand, under X 3 magnification to minimize tracing errors, thus yielding a set of x, y pixel coordinates that followed the perimeter of the airway. In the case of SIGNA images acquired in experiment 2, closed air-tissue boundaries such as typically occurred in the pharyngeal region, were traced by a computer algorithm, which automatically followed the 50% density contour and obtained the sets of x,y coordinates (Martelli, 1976) . The boundaries of structures found within the airspace such as the uvula and the epiglottis were traced separately. Along the upper vocal tract, where the image plane intersected the teeth, the lack era detectable air-tooth density gradient prevented use of the automatic tracing procedure. In these circumstances, we traced the boundaries by hand, under magnification, using data on tooth size and location obtained from x-ray images and visual estimates. 
Calibration of images
As a precautionary test of the EMR machine, a calibration procedure was devised. This procedure employed a 16.5-cm-long wedge made from 6.5-ram-thick Plexiglas and filled with mineral oil. Axial, midsagittal, and coronal images of this structure were acquired and the perimeters of the strong resonance signal emitted by the oil were measured and compared with the known interior dimensions of the wedge. From this comparison, calibration factors were derived that established the number of pixels per cm in each of the three planes. Similar calibration tests were not undertaken on the SIGNA machine because reliable calibration data were already available and imaging time was in short supply. 
Effects of tract motion
Blood flow and respiratory motion introduced artifacts that tended to blur air-tissue boundaries. These artifacts were easily identified and the errors that might have been generated by the boundary tracing algorithm were minimized by substituting hand tracing. Another form of motion arose from the subjects' inability to reproduce exactly the same vocal tract configuration in each of up to 20 consecutive 3.4-rain image acquisition cycles attempted during the course of a typical 2-h session in the EMR imager. Thus even two consecutive images of the same location in the tract did not yield precisely the same area measure. Analyses of sample groups of six repeated images made hours or days apart showed the standard deviation of the variation to be within 6% of the mean area and extreme variations in pharyngeal area to approach as much as 15%. In light of the necessarily long session lengths involved, particularly in experiment 1, fatigue probably caused variability in the vocal tract shape and consequent variability in the dimensional and acoustic measurements. It may be assumed that fatigue was a less disruptive factor in the pharyngeal data collected by the SIGNA machine because of its shorter image acquisition time. However, no repeated images were collected during experiment 2 to verify this assumption.
C. Determination of area functions: Experiment 1
In this section we describe the steps involved in deriving area functions from the sets of airway boundary tracings sampled in Figs. 6 and 7.
Airway volume reconstruction
The sets of axial and coronal boundary coordinates were first placed in their correct relative positions in a 3-D matrix whose cell density was the same as the pixel density of the original image arrays. Next, the cells located within each image boundary were labeled with nonzero values to distinguish the region occupied by air from the surrounding tissue. When such discontinuities were noticed early enough, and the opportunity to reacquire some images remained available, new image data were collected. However, because the acquisition of necessary data processing equipment and software lagged behind data collection activities, not all of the noticeably abrupt changes in area were caught early enough to permit image reacquisition.
The issue of whether a discontinuous datum should be retained, omitted or replaced because of its failure to be consistent with its neighbors (or with the experimenters' assumptions about the underlying anatomy) was resolved in the following way. There were two stages in the data processing at which this issue came to the fore. During the airway boundary-tracing stage, if the shape or area of the boundary appeared inconsistent with neighboring sections and a better conforming boundary existed (e.g., the nonconforming boundary may have been derived from one of the last two or three image-collecting cycles in a given session that were customarily repeated at the beginning of the following session), the better fitting or more plausible boundary was selected. If no substitute boundary trace existed, then the existing observation was preserved intact. Among the potential causes of unusual irregularity were image distortion due to changes in the intake temperature of the water supply used to cool the magnet of the EMR system and the presence of increased pixel noise due to fringe effects at the ends of the receiver coil. Occasionally, as a result of applying the above data-processing rules, the boundaries of minor structures within some images would be omitted. For example, a sinus cavity that made its appearance in one image would fail to show up above the threshold (determined by the mid point sectional areas derived from coronal images of the oral cavity were checked against estimates obtained from dental impressions. Vinyl polysiloxane (3M) impression molds were made of each subject's palate and dentition and repeated 0.5-cm sections were then cut with a rotary slicer in the coronal plane. The outlines of the sections were hand-traced in digital form by means of a graphics tablet and superimposed on corresponding coronal images identified by means of palate height, dental root structure, and related anatomical features. Each of the existing hand-drawn boundary lines was then compared with the new digitized sections obtained from the dental molds and, where necessary, redrawn to refleet the presence of dental constrictions.
Comparison of MR tract lengths with x-ray data
The combined uncertainty arising from the 0.8-cm thickness of the MR sections and the lower signal-to-noise levels at the lips and larynx owing to their proximity to the extreme ends of the EMR receiver coil, led the experimenters to the conclusion that the length of the tract could not be determined to better than about + 0.6 cm at each end. Therefore, as an independent means of verifying the tract length derived from the MR data, sagittal Xerographic x-ray images were obtained from both subjects while they repeated each of the four point vowels in a supine position closely resembling that adopted in the MR machines. The importance of duplicating the MR posture had been brought to our attention by the earlier study of Baer et aL (1987). A barium paste was used to enhance the visibility of tract boundaries and, with the aid of a map measure and ruler, the tract center line was traced by hand from each Xerograph. Finally, using as a scale of reference the image of a phantom of known dimensions fixed to each subject's midplane during the x-ray exposure, the measurements of tract length were calibrated and the distances along the midline of the tract from the glottis to the lips were determined to within about 1 to 2 ram.
$. Acoustic analyses of original utterances
The acoustic resonances of tubes having the derived area functions were calculated by the version of the KellyLochbaum algorithm used in Mermelstein's articulatory model (Mermelstein, 1971; Rubin etaL, 1981 ) . To compare these resonances with those of the original productions, the recordings of vowel productions made during image acquisition by the EMR machine were analyzed acoustically. The procedure used involved the extraction of the first three formants, by means of a 14-pole LPC analysis of successive 25.6-ms-long frames, the formation of independent histograms for the frequencies of each of the three formants, and the identification of the mode of each distribution. The purpose of this procedure was to achieve the automatic rejection of all portions of the original vowel signal that were acoustically contaminated by the magnetostrictive impulses, which constituted about 17% of the total signal, since the exponential decay time of each pulse was 40 ms in duration.
Perceptual analysis of computed vowel waveforms
To ascertain the perceptual acceptability of the vowels that would result from sound excitation of the area functions, four groups of vowel waveforms were computed: Both subjects provided two sets of area functions, one that includ- The methods used to obtain the midsagittal width and area data from the sequences of pharyngeal images collected in experiment 2 were virtually identical to those described 
L Acquisition of pharyngeal data
Pharyngeal images of 0.5-cm-thick slices spaced at 0.5-cm intervals and spanning an 8.5-cm length of the tract were obtained from the SIGNA machine while each subject produced each of the nine vowels in turn. The approximate orientation of these images with respect to the spine is shown in Fig. 11 . However, because the subjects' heads were not identically positioned within the machine, the pharyngeal volume specified by the 17-image arrays was not precisely the same. To confine the field of view to the pharynx and avoid entering the oral cavity, an upper endpoint at the level of the inferior margin of the second cervical vertebra was selected for both subjects. The images that fell below the chosen endpoint formed subsets of the 17-image arrays. For subjects TB and PN the subsets of retained images numbered 14 and 12, respectively. These images were converted into sets of x, y coordinates by the boundary-tracing algorithm.
2, Measurement of phargngeal dimensions
For each image, the pharyngeal area was calculated from the appropriate set of x, y coordinates. The distance between the most anterior point on the margin of the tongue (or epiglottis ) and the most posterior point on the wall of the pharynx was defined as the midsagittal width. In practice, when measuring midsagittal width, the point selected as the posteriormost point of the pharyngeal wall would vary in accordance with whether the piriform sinuses were to be included or excluded from the measurement. When they were excluded, the posterior point lay on the rear wall of the larynx tube and, when they were included, the most posterior point of the boundary of the rearmost piriform sinus was selected. The behavior of the epiglottis complicated the application of our measurement criteria for determining midsagittal width. In all cases, when the cross-sectional area of the pharynx at a height of 3.0 to 4.0 em above the glottis shrank to about 1.0 to 1.5 cm 2, the epiglottis made intimate contact with the tongue surface and, therefore, for practical measurement purposes, the epiglottis then constituted the surface of the anterior pharyngeal wall. When larger cross sections occurred, however, the epiglottis could lose contact with the tongue root, make a posterior projection into the pharyngeal cavity, and thus transfer the role of defining the anterior pharyngeal wall to the tongue surface. This tendency was considerably more prevalent in case of TB than PN, the tip of whose epiglottis visibly lost contact with the tongue root only during the larger pharyngeal configurations. If, as a result of a posterior projection of the epiglottis, the valecular sinuses became visible, then, for the purposes of measuring midsagittal width without sinuses, the areas occupied by the valecular sinuses would be ignored and, the most anterior point on the posterior surface of the epiglottis would then serve as the anterior boundary of the pharynx.
The distances between the extreme left-and right-most boundaries of the airway (the lateral width) were also mea- is, of course, hydrogen-rich, but it does not image because it is flowing rapidly and moves out of the image plane in the time between rf excitation and echo acquisition. Some motion artifact, primarily due to pulsating blood flow in the carotid artery, but also due to respiration, is apparent in some axial images (Fig. 2, subject PN) . Much of this artifact was later suppressed by lengthening TE ( Fig. 2, subject TB) but, since area measurement was not compromised by the presence of the artifact, the acquisition procedure was not repeated and these images were retained. Individual cervical vertebrae, which are distinguishable in the images, provided the principal anatomical landmarks used to identify corresponding axial planes in the two subjects' image arrays. Other features such as dental roots, which contrast well with gum tissue, the height of the palate dome, and, the shape of the nasal sinuses served a similar role in the identification of corresponding coronal planes. Table I. transition from the soft to hard palate, which becomes increasingly arched as the lips are approached. This feature can be seen most clearly in the tracings of the open/o/configurations from both subjects. In contrast, during/i/productions, the tongue is thrust upward against the hard palate to form a narrow, often asymmetrically shaped, constriction. The last three planes cover a 2-cm length of the oral cavity from a location lying just anterior to the alveolar ridge to the mid point of the lips. It is in this region that the greatest degree of uncertainty arises due to signal/noise limitations, and the absence of data identifying the location of the incisors and the lateral dimensions of the lips. Thus the image data had to be augmented by data from other sources described in the preceding methods section. Table I lists the area functions for the four point vowels, /o a• i u/, for both subjects, both including and excluding the sinuses, derived by the methods described above. The data that include the sinus areas are plotted in Fig. 12 . Across vowels, the area functions show broadly the expected patterns: narrow pharynx and wide oral cavity for/o/, less constricted pharynx for/a•/, wide pharynx and narrow oral cavity for/i/, and wide oral cavity and pharynx with constrictions in the velar regions and at the lips for/u/. Across subjects, the greatest difference occurs for the/a:/vowel, for which the TB area function is generally wider and shows more peaks and dips than that for PN. This variability probably reflects the difficulty, which both subjects experienced, with maintaining, for long periods, the vocal tract posture required to produce an/a•/. For both/a/and/•c/, the calculated lengths differ across subjects. For/i/and/u/, the area functions for the two subjects have identical lengths and similar shapes. For/u/, the function for TB seems shifted to the left with respect to that for PN, suggesting that these functions may have systematically different pharyngeal starting points. In all cases, the opening at the lips is somewhat larger for PN than it is for TB.
B. Results from experiment 1 L Area functions
Vocal tract lengths
The results of comparing tract lengths calculated from area functions with those measured from the lateral Xerographic x-rays are given in Table II . For five of the eight comparisons, the differences are less than the 0.875-cm resolution of the samples interpolated from the MRI data. Except for one case in which the difference in calculated lengths is negligible, the lengths calculated from the Xerograms are Table I (four vowels including the areas of the piriform and valecular sinuses and four without). The formant frequencies of the subjects' utterances differ significantly from the computed resonances of the area functions (with or without sinuses). In the discussion section, we speculate on the possible causes of the formant frequency deviations, and, later in this results section, we show that, despite these differences, the vowel waveforms computed from the area functions in Table I 
Comparison of perceptual analyses
Results of the perceptual analyses are given in Table IV . The results for the first closed response test, using vowel sounds synthesized from the area functions, are shown in Table IV Table IV( Lastly, the results of the closed response test that employed the subjects' original utterances appear in Table IV (bottom). These data show that the largest proportion of perceptual confusions occurred between the vowels/o/and /•e/. Consequently, it is clear that the root of a substantial number of the/a/-/ae/confusions made among the synthesized vowels must lie in the articulatory and acoustic characteristics of the subjects' original vowel productions. However, despite the fact that in terms of the total number of stimuli correctly identified, the overall accuracy achieved with the natural speech stimuli is slightly better than that achieved with the synthesized stimuli, analyses of variance of the natural speech and each set of synthetic speech responses for both subjects show the vowel-condition interaction effects, in all but one instance, to be highly significant (F(3,57) > 6.28; p < 0.001 ) while the overall differences in numerical scores are, in the best case, statistically not significant (F(1,19) servations. Therefore, on the basis of this evidence, it would appear that any tendency for the slope of a plot such as that shown in Fig. 13 to decrease at extreme midsagittal widths may not represent a universal feature but a behavior of only some individuals.
Results presented in
Midsagittal width versus area: The pharyngeal data
We began our analysis of the width versus area data by examining the applicability of the square law hypothesis (A = K. S 2) proposed by Sundberg et al. (1987) gests that the assumption of independent variance on which regression analysis is based is not strictly met by the data in their present form. Moreover, acceptance of the square law hypothesis at this stage begs the question of whether some other, perhaps closely related, power law of the type A ----K'S' would achieve a better description of the data. analysis are summarized in the last three columns of Table  V . They show that the average value of the power law exponent is approximately 1.75, ranging from about 1.5-2.0. Meanwhile, based on the power law analysis, the average value of K is 0.93 as compared with an average of 0.64 based on the square law.
Midsagittal width versus area: The relation to height above the larynx
To this point we have treated the pharynx as if its mode of expansion and contraction were uniform throughout its length. We now examine the behavior of the pharynx at different heights above the glottis, using the area data that exclude the sinuses. Figures 17-19 show plots of the logarithmically transformed area and midsagittal width data at different heights. In many of these plots, it can be seen that the linear regression line provides a remarkably good fit to the data. Table VI the four point vowels and, consequently, the data that they supplied on the oral cavity were less plentiful than those covering the pharynx. 
Vocal tract lengths
Comparisons of vocal tract length calculated from MRI and x-ray data in Table II generally showed that the MRI derived lengths were shorter. The three vowels in Table II for which the difference in length was greater than the section length (0.875 cm) included/i/for both subjects and /o/for subject PN. It is, of course, possible that this disagreement arises from genuine differences in the vowels produced on the two occasions. However, the fact that the/i/ vowels from both subjects showed the largest differences implies systematic error. One possible source of error is evident in Fig. 10 , which shows the grid system superimposed on an /i/vowel configuration. In regions where the grid lines are parallel and intersect the tract centerline orthogonally, each grid line samples a 0.5-cm increment in tract length. However, at the base of the pharynx, and particularly in the front half of the oral cavity, the actual centerline of the vocal tract diverges as much as 30 deg from a perpendicular intersection with the grid lines. Thus, specifically in these regions, the tract length would be underestimated by about 13% using our procedures. Moreover, the cumulative effect of this error can be expected to be greater for an/i/, because the highfront tongue position for that vowel would tend to increase the lack of perpendicularity between the vocal tract centerline and the grid lines in the oral cavity. Such underestimates of tract length would be expected to result in the tendency for synthesized first formant frequencies to be higher than the corresponding analyzed formants. The fact that in Table  III , averaged across both subjects, the vowel/i/(accompanied by/u/) exhibits larger first-formant elevations than the other two vowels, indicates that errors in tract length may be implicated in the lack of agreement between the analyzed and synthesized formants.
Role of the pitiform sinuses
When analyzing the area data and comparing synthesized vowels with the original utterances, we did not compute the effects of the sinuses (pitiform or valeeular) as cavity shunts branching off the main airway. Instead we chose to (a) "include" them as if they were a part of the airway or (b) "exclude" them as if they had no acoustic consequences whatsoever. This seemingly cavalier approach was adopted for several reasons. First, as noted earlier, the image quality decreased sharply approaching the larynx due to its close proximity to one end of the receiver coil and caused many gaps in the piriform data. Thus the volumetric data on the sinuses were not complete. Furthermore, even if the dimensions of the cavities could have been measured accurately, the fact remains that the lack of available knowledge about The differences between the formant frequencies of the subjects' original utterances (measured by LPC analysis) and formants computed from the synthesized waveforms were large in several instances. That differences appeared at all should not have been surprising, however, because many simplifying assumptions were made. Among these assumptions is the notion that the vocal tract can be approximated by two straight sections of pipe connected together by a third section bent into a 90-deg arc. That assumption justified use of the simple grid plane system shown in Fig. 10 as a way to resection the 3-D digital model of the airway in planes that were orthogonal to its central axis. However, as we have already pointed out with respect to Fig. 10 , there are regions of the vocal tract that fail to fit the pipe model. In these regions the estimated cross-sectional areas will be increased by a factor of sec 0, where 0 is the angular deviation of a plane of intersection from true orthogonality with the airway axis. Consequently, the same deviations from orthogonality that were earlier identified as bearing some of the responsibility for underestimates in vocal tract length probably also contributed overestimates of some of the cross sections contained in the area functions.
Another assumption, inherent in the use of LPC analysis, is that the speech signals contained no spectral zeros. However, if nasalization was present in the original vowel productions, as indeed may have been the case based on the velopharyngeal evidence of MR images from subject PN in particular, the analysis procedure, which assumed no nasalization, would have given only approximate resonance values. However, the greater precision required to inquire into this matter was precluded by the less than ideal recording conditions. For example, in addition to the magnetostrictive noise, there was evidence that the natural resonance of the bore of the magnet may have been introducing its own spectral shaping. Recordings of the subjects' productions made in more favorable conditions did, on analysis, exhibit a different pattern of divergence from the synthesized samples.
In the final analysis, however, we have to say that we do not yet know why the synthesized vowels failed to match the formant frequencies of the original utterances. Having explored many avenues to the limits of accuracy of our data, we are now convinced that, in order to get to the bottom of the matter, it will be necessary to repeat the experiment. In the course of that replication, special efforts will have to be made to minimize several identified sources of error. Among the precautions that should be considered are: (i) confining all future studies to persons who have received phonetic training and are likely to more reliably reproduce the required vocal configurations; (ii) seeking equipment capable of faster imaging times and thinner image planes; (iii) developing special receiver coils that custom-fit each subject's head and neck to enhance the signal/noise ratio and achieve higher image resolution over the entire length of the tract, and using this equipment to obtain better data on the dimensions of the pitiform and valecular sinuses; (iv) repeating image acquisitions and examining images more analytically during acquisition to insure that both the equipment and the subject are operating in a stable fashion; (v) adopting a grid system that conforms more closely to the anatomy of the vocal tract and methods of calculation that will produce area estimates for planes oriented more nearly at right angles to the center line of the tract; (vi) upgrading the synthesis procedure, using a time-domain finite-difference algorithm that will exploit the full resolution of the area data, including side cavities, with a view to achieving more accurate resynthesis of the original utterances; and, lastly (vii) upgrading the voice recording equipment used inside the MR magnet and determining the natural modes of acoustic resonance of its bore when a subject is present.
B. Experiment 2 1. Relations between mid•agittal and lateral widths
A plot of midsagittal width against lateral width in the pharynx across vowels can be represented with a high degree of significance by a straight line. The failure of our data to replicate the reduced rate of lateral versus midsagittal expansion for the larger dimensions in the upper pharynx is somewhat surprising in light of the fact that the observation has been reported on three previous occasions (Fant, 1960; Sundberg, 1969; $undberg etal., 1987) . A possible explanation for this discrepancy may be related to inherent differences between both the subjects and procedures employed. Our subjects were native speakers of a different language (English) from those employed in the earlier studies. Moreover, the procedures adopted in the present experiment required the subjects to vocalize for longer periods, and it may have been the case that our subjects avoided the strain normally associated with efforts to continuously hold extreme articulations and used less extreme vocal postures that made fewer demands on the ability to expand in either of the two dimensions.
Relations between midsagittal widths and areas
It was shown that, in almost all cases, the graphs'of log midsagittal width versus the log of the cross-sectional area for different vowels could be adequately represented by a straight line no matter at what height above the level of the larynx the data originated. The exceptions to this rule appear most prominently in the data of subject TB at levels within 2.5 em of the glottis. One reason for these exceptions may stem from the fact, already noted, that this is a region where image resolution rapidly declines. We believe that in future studies, use of a custom-made receiver coil designed to operate in closer proximity to the larynx will improve image quality. An alternative reason may simply be that little dimensional variation occurs in the larynx tube of this subject and that the midsagittal and area measurements are all clustered about fixed values.
The abrupt increase of both K and r apparent in the graphs of subject TB in the region between 3.0 and 4.0 cm above the larynx (see Fig. 20 ) is probably due to the already noted tendency for the tip of the epiglottis to draw away from the tongue surface and to project into the pharyngeal airway as the pharyngeal cavity becomes larger. Evidence of similar epiglottal behavior on the part of subject PN appeared at only the more extreme modes of pharyngeal expansion. Thus the midsagittal width measures of subject PN recorded, in most cases, the distance between the surface of the epiglottis and the posterior pharyngeal wall whereas, for subject TB, the recorded measurements were more evenly divided between those in which the tongue and those in which the epiglottis formed the anterior boundary. In consequence, the plotted data of subject TB tend to adopt a bimo- The relationship between midsagittal width and crosssectional area that we have derived for the pharyngeal and oral regions may be used to calculate areas from widths measured from lateral radiographs. However, three caveats are in order. First, the reported data were all measured in either horizontal or vertical planes, so care must be taken in applying them to regions where the centerline of the vocal tract makes a very oblique angle with these planes. Second, in regions where the tongue surface is grooved, the tract width that appears in lateral x rays may not always correspond to the width we measured. More specifically, we used as our reference the roedial apex of the groove whereas measures from lateral x rays are likely to represent the midsagittal distance from a point on the tongue that corresponds more closely to its lateral edge, especially if midline markers are not used. Finally, it must be remembered that our data are derived from static vocal tract shapes, and we can only guess at how well the particular shapes we have studied will relate to the shapes that occur during dynamic speech production.
IV. CONCLUSIONS
The MR equipment that we used, particularly in the initial stages of the study (experiment 1), required long imaging times for single-slice images. This was followed by further periods of extensive data manipulation, software development and analysis. As our experience and the equipment available to us grew more refined, the images could be obtained more rapidly while still sustaining the quality shown in Figs. 1-5 . The long imaging times were particularly troublesome because they plagued efforts to maintain or exactly repeat desired vocal tract shapes. Because the EMR machine allowed only single-slice imaging, several hours of imaging time, often spanning more than one session, was necessary to complete a full vocal tract shape. In consequence, the reliability of our data was not as high as we would have wished or now think that we can achieve. The reason for this optimism lies in the more powerful and faster equipment that is currently available.
The experimental difficulties just noted impose certain limitations on the quality of the data. Nevertheless, we have obtained estimates of the vocal tract area functions of two male speakers during productions of the four point vowels and, in a further experiment, have also examined the relations between cross-sectional areas and midsagittal widths in the pharynx over a range of nine different vowel configurations. Although this is not the first vocal tract study to employ MR technology (see, for example, Rokkaku et al., 1986; Lakshminarayanan, Lee, and McCutcheon, 1991 ), it is the first systematic attempt at measurement and has assembled what probably constitutes the most comprehensive body of dimensional data on the vocal tract presently available. With the ability to obtain images approaching the resolution of x-ray CT but without the use of ionizing radiation and with the prospect of shorter image acquisition times in the future, it is evident that MR techniques have considerable promise and will be used more frequently to collect data on an ever widening repertoire of speech activity.
